Most recently a new mechanism of Schottky barrier formation has been proposed. 12 The mechanism is based on the existence of a class of native defects (amphoteric defects) whose electrical identity is controlled by the Fermi level position. Contrary to previous defect models, the amphoteric defect model relates the Fermi level pinning to the thermodynamic properties of the whole defect system rather than to energy levels of specific defects.
The major features of this model relevant to thick metal coverages have been discussed before. 12 In this paper the consequences of the model for Fermi level position as a function of behavior at submonolayer metal icoverages at both low and room temperature are presented. We also show that the central concept of the model, intrinsic Fermi level stabilization, can be utilized to explain other phenomena such as maximum doping levels in semiconductors and doping induced heterointerface intermixing.
II. Properties of amphoteric native defects
The formation energy of a crystal latt'ice defect is the sum of the energy of the structural rearrangement of the lattice, E str .' and of the electronic energy, Eel' required to transfer charge from the defect to the Fermi sea (i.e. holes to or from the valence band, electrons to or from the conduction band). It is obvious that Eel is determined by the position of the Fermi level with respect to the energy levels introduced by the defect. Eel can be quite large for defects which can support multiple charges. In such cases the ~osition of the Fermi level will strongly affect the probability of defect generation. The electronic part of the defect formation energy is responsible for the well-known self-compensation effect 13 • This effect was clearly observed in weakly bound ionic II-VI semiconductors where some type of doping cannot be realized because of the compensation by the native defects. In more strongly bound III-V semiconductors this effect is less pronounced. It will be shown here that in the case of III-V semiconductors the abundances of already existing defects are controlled by the electronic part of the defect energy.
We have found that in III-V semiconductors the introduction of large concentrations of native defects leads to the stabilization of the Fermi energy.14 The stabilization energy, E FS ' does not depend on the type of doping or the doping level of the original material. In fig. 1 It has been demonstrated previously that amphoteric native defects are responsible for the Fermi level stabilization. 12 When vacancy interstitial pairs on either anion or cation sites are generated in GaAs, the defects undergo transformations according to the reactions:
where V stands for vacancy and I for interstitial. When the concentrations of interstitials are low, the reactions take the forms:
Although transformations -between Ga and As sites occur in these reactions, for the sake of simplicity the defects described by eqs. (la) and (2a) (lb and 2b) will be called Ga(As) sublattice defects. The total energies of the defects participating in reactions (1) and (2) we find that depending on the defects involved, E FS ranges from Ev+0.6 eV to Ev+1.O eVe The actual stabilization energy in this range depends on the relative contributions of different defects to the total charge balance •
II. Mechanism of defect formation and Fermi level pinning
A major property of the amphoteric native defect system is the strong dependence of the various defect formation energies on the Fermi level position. As is seen in fig. 2 , defect formation energies decrease rapidly with either p-or n-type doping. However, even in heavily doped GaAs a -6 -considerable energy is required to create a vacancy-interstitial pair in
GaAs. The energy of a metal atom impinging on a GaAs surface is not sufficient to directly create defects. Two alternate sources of energy which could lead to the formation of defects were identified. It has been argued that a large energy is released during formation of metal atom clusters on the GaAs surface. 18 The amount of energy released in such a process depends on the size of stable clusters and may be as high as 3 eVe Another'process in which energy is released is back-relaxation of relaxed cleaved surfaces. It has been found that an energy of E o =0.35 eV per surface atom is released in the process of Al induced back-relaxation of a cleaved (110) GaAs surface. 19 In the following, it is assumed that surface back-relaxation is the major source of the energy which is required to form defects.
In order to model the process of defect formation we adopted calculated bulk values for the Fermi dependent defect formation energies as given in fig. 2. Alsa, we assume that the probability p(N) that N surface atoms back-relax is given by the Poisson distribution,
where <N> is the mean value of the distribution. Thus the probability of creating a defect with the formation energy E def (E F ) is:
where
.'
• ..
• -7 - The anti structure pair in the latter reaction is a donor with the energy level (0/+) in the lower half of the bandgap.16 Such a defect does not affect the charge balance in the n-type material. From this analysis we deduce that in n-type GaAs the defect recombination probability R=l and no pinning for submonolayer coverage is expected. These qualitative considerations are in very good agreement with the data on Fermi energy at submonolayer metal coverages. It has been found that deposition of a metal on cleaved (110) GaAs surfaces at room temperatures leads to symmetrical pinning for n-and p-type material. 9 At liquid nitrogen temperature fast pinning in p-type GaAs is observed, whereas very slow pinning h~s been found on n-type GaAs. 10 ,11
Fermi energy as a function of metal concentration obtained by solving eq. (6) is shown in fig. 4 . These model calculations were performed for the defects represented by reactions la and 2a. The most notable feature of this dependence is slow Fermi level pinning extending over two orders of magnitude of the metal coverage. Such behavior is a direct consequence of a strong dependence of the defect formation energy on the Fermi level position. As is seen in fig. 4 for a constant defect formation energy, G(E F ) ='const, the pinning is much faster. This behavior is in obvious disagreement with existing experimental data which show a slow logarithmic dependence on the metal coverage.
Previously, an attempt has been made to explain this slow dependence by considering the effects of screening of the interface charges by metal clusters. 20 Such a mechanism depends strongly on the cluster size. Large differences in the pinning rate should be observed for metals showing different clustering properties. Also, in its current form, such a model cannot account for the Fermi level pinning behavior at low temperatures. Here we show that the slow pinning is a straightforward manifestation of the dependence of defect formation energy on the Fermi level position. We argue therefore that it is a universal feature, independent of the deposited metal.
The final pinning position is determined by the zero net-charge transfer from or to defects. Thus, as is seen in fig. 2 , it depends on the relative contribution of "As" or "Ga" sUblattice defects. In any case, it is limited to the energy range Ev+O.6 eV ~ E FS ~ Ev+O.a eVe Low temperatures. As it has been discussed above, the major difference between room and low temperature behavior of the amphoteric native defects is an asymmetry in the defect recombination rates for n-and p-type material. In n-type R=l and there is no pinning, whereas in p-type R=O and fast pinning is expected. Fig. 5 shows the calculated Fermi level pinning at low temperatures for different values of <N> using eq. (6). Because of the presence of additional interstitial donors, the pinning is faster at low temperatures than at room temperatures in the case of p-type GaAs. This finding is again in general agreement with the experimental data. 10 ,11 Although the diffusion of the interstitials is largely suppressed at low temperatures, one has to consider another factor which can affect the concentrations of Gal and/or As I " Since at low temperatures the defect interstitial pairs are created on or in the close vicinity of the surface, the presence of a metal can, to some extent, affect out-diffusion of the interstitials which are stable in p-type material. In general, more electronegative metals such as Au would have a tendency to attract Gar' whereas more electropositive metals, i.e. In, would react more readily with energy. For Ga depleted interfaces, the Fermi level is controlled by the reaction 2a, and therefore it will be stabilized at Ev+0.6 eV, whereas for
As depleted interface Fermi level is stabilized in the energy range Ev+O.a eV to Ev+1.O eV (see fig. 2 ). The actual stabilization energy will depend in a complex way on the relative concentrations of the defects on the "Ga" and the "As" sublattice and on the extent of metal-induced Gal and/or AS I interstitials out-diffusion.
IV. Doping induced heterointerface intermixing
We have shown that amphoteric properties of simple native defects well account for various characteristics of the Schottky barrier formations,12 as well as for compensation in mechanisms in irradiated semiconductors. 14 . In It is known that in GaAs it is impossible to obtain free electron concentrations higher than -3 to 5xl0 18 cm-3 using ion implantation Using the same reasoning as in the case of GaAs, one can argue that for acceptor doping levels higher than the free hole saturation limit of 4x10 18 cm-3 large concentrations of Vp is generated. Those defe~ts will facilitate interdiffusion of group V species. Because the free electron saturation level is high in InP, the intermixing of group III elements will not be efficient in this heterostructure.
In summary, we have shown that the recently introduced concept of amphoteric native defects well accounts for major features of Fermi level pinning at metal-semiconductor interfaces for submonolayer as well as for 
